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(57) ABSTRACT 
An apparatus for decoding a received signal is provided. The 
received signal has been transmitted by conducting a trans 
mission. The apparatus for decoding includes a detector and a 
filter application unit. The detector is configured to detect 
whether the transmission is a SU-MIMO transmission or a 
MU-MIMO transmission. The filter application unit is con 
figured to apply either a first receive filter or a second different 
receive filter on the received signal depending on whether the 
transmission is the SU-MIMO transmission or the 
MU-MIMO transmission. 
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APPARATUS AND METHOD FOR DECODING 
A RECEIVED SIGNAL 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001 German Patent Application, Application No. 10 
2011 054913.7 which was filed on Oct. 28, 2011, is incor 
porated herein in its entirety by reference. 

FIELD 

0002 The present invention relates to an apparatus and 
method for filtering a received signal and, in particular, to an 
apparatus and method for filtering a received signal, wherein 
the received signal has been transmitted by conducting a 
transmission being either a single-user Multiple Input Mul 
tiple Output transmission or a multi-user Multiple Input Mul 
tiple Output transmission. 

BACKGROUND 

0003 Long-Term Evolution (LTE) is the trademark of the 
Third Generation Partnership Project (3GPP) and is aimed to 
become the next generation mobile network technology. 
Since the development of LTE, different transmission modes 
exist which have been developed to cover different environ 
ment scenarios. (See 3GPP 36.211, “Evolved Universal Ter 
restrial Radio Access (E-UTRA); Physical Channels and 
Modulation (Release 8), Sophia Antipolis, 2009, and 3GPP 
36.213, “Evolved Universal Terrestrial Radio Access 
(E-UTRA); Physical layer procedures (Release 8). Sophia 
Antipolis, 2009, which are hereby incorporated by reference. 
The transmission modes can be divided into two groups. The 
first group provides feedback in terms of channel State infor 
mation (CSI) from a user equipment (UE) to the evolved 
NodeB (eNodeB) and is therefore named “closed-loop' 
transmission. The other group provides no feedback and is 
named “open-loop' transmission. Furthermore, LTE pro 
vides transmission modes, where the eNodeB groups a num 
ber of UEs and serves them using the same time-frequency 
blocks. These transmission modes are called multi-user Mul 
tiple Input Multiple Output (MU-MIMO). 
0004. The eNodeB performs digital beam forming using a 

finite set of precoding vectors depending on the number of 
transmit antenna ports. This approach is particularly advan 
tageous in a dense cell with rare resources. Instead of waiting 
for free resource blocks, the eNodeB may group UEs and 
allocate the same resource blocks to prevent waiting periods 
and therefore increases spectral efficiency. The main draw 
back of this approach is the increase of mutual interference at 
each of these two UEs. The signal to both UEs is precoded, 
summed up and transmitted by the eNodeB, so each user 
equipment is responsible to filter out its own signal. 
0005. If the eNodeB does not find an appropriate candi 
date for grouping, only a single UE is served by the eNodeB. 
The UE is unaware if there is another co-scheduled UE, as far 
as the eNodeB does not provide this information to save 
transmission bandwidth. In general, the eNodeB does not 
provide any explicit information on whether the transmission 
is either a single user-(SU) or multi user-(MU) MIMO trans 
mission. UEs operating in MU-MIMO scenarios may always 
choose an MMSE (Minimum-Mean-Square-Error) receive 
filter, although there may be no co-scheduled UE available. 
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Although this receive filter does not fit best, it provides 
acceptable results, but performs worse when no co-scheduled 
UE is available. 
0006. Therefore, it is highly important to develop receiver 
algorithms that can determine the presence of a co-scheduled 
UE at the UE from the received data. 

SUMMARY 

0007 According to an embodiment, an apparatus for 
decoding a received signal is provided. The received signal 
has been transmitted by conducting a transmission. The appa 
ratus for decoding comprises a detector and a filter applica 
tion unit. The detector is configured to detect whether the 
transmission is a SU-MIMO transmission or a MU-MIMO 
transmission. The filter application unit is configured to apply 
eithera first receive filter or a second different receive filter on 
the received signal depending on whether the transmission is 
the SU-MIMO transmission or the MU-MIMO transmission. 

0008. In an embodiment, an apparatus for filtering a 
received signal to obtain a filtered signal is provided. The 
received signal has been transmitted by conducting a trans 
mission. The apparatus comprises a detector and a filter appli 
cation unit. The detector is configured to detect whether the 
transmission is either a single-user Multiple Input Multiple 
Output transmission or a multi-user Multiple Input Multiple 
Output transmission. The filter application unit is configured 
to apply a first receive filter with a first filter characteristic on 
the received signal to obtain the filtered signal when the 
transmission is the single-user Multiple Input Multiple Out 
put transmission. Moreover, the filter application unit is con 
figured to apply a second receive filter with a second filter 
characteristic on the received signal to obtain the filtered 
signal when the transmission is the multi-user Multiple Input 
Multiple Output transmission. 
0009 Embodiments are based on the finding that a first 
receive filter with a first filter characteristic should be applied 
for decoding the received signal when the transmission is a 
single-user Multiple Input Multiple Output transmission, and 
that a second different receive filter with a second different 
filter characteristic should be applied for decoding the 
received signal when the transmission is a multi-user Mul 
tiple Input Multiple Output transmission. 
0010. According to embodiments, the correct choice of 
the receive filter depends on the environment, e.g. whether the 
transmission is either SU- or MU-MIMO. Although the UE is 
operating in multi-user MIMO mode, e.g. Transmission 
Mode 5 in LTE, there may be no appropriate UE for co 
scheduling available, so MU-MIMO degrades to SU-MIMO. 
As, however, the eNodeB does not provide any information if 
either SU- or MU-MIMO is being currently used, it is up to 
the UE to distinguish between these two modes. Choosing the 
wrong receiver results in degradation in terms of Bit Error 
Ratio (BER). 
0011. If the transmission is a single-user Multiple Input 
Multiple Output transmission this may, e.g., mean that the 
received signal comprises first signal portions for a first user 
equipment, but not also different second signal portions for a 
different second user equipment. 
0012. If the transmission is a multi-user Multiple Input 
Multiple Output transmission this may, e.g., mean that the 
received signal comprises first signal portions for a first user 
equipment and different second signal portions for a different 
second user equipment. 
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0013. In embodiments, a criterion is provided which 
allows to switch between two different receivers, depending 
on the availability of the co-scheduled UE. For example, the 
first receiver may be a Maximum-Ratio-Combiner (MRC) 
receiver and the second receiver may be a Minimum-Mean 
Square-Error (MMSE) receiver. The structure and derivation 
of both receiver types is well known to a person skilled in the 
art 

0014. In other embodiments, instead of using an MRC 
receiver in the SU-MIMO case and instead of using an 
MMSE receiver in the MU-MIMO case, an IRC, SIC or ML 
receiver, e.g. Sphere, being adapted for SU-MIMO can be 
used in the SU-MIMO case, and an IRC, SIC or ML receiver, 
e.g. Sphere, being adapted for MU-MIMO can be used in the 
MU-MIMO case (IRC=Interference Rejection Combiner: 
SIC=Successive Interference Cancel; ML-Maximum Like 
lihood). 
0.015. In further embodiments, a mobile communication 
device is provided. The mobile communication device com 
prises a baseband processor, an antenna and an apparatus for 
filtering a received signal, wherein the received signal has 
been transmitted by conducting a transmission. The apparatus 
for filtering the received signal comprises a detector and a 
filter application unit. The detector is configured to detect 
whether the transmission is either a single-user Multiple 
Input Multiple Output transmission or a multi-user Multiple 
Input Multiple Output transmission. The filter application 
unit is configured to apply a first receive filter with a first filter 
characteristic on the received signal to obtain the filtered 
signal when the transmission is the single-user Multiple Input 
Multiple Output transmission. Moreover, the filter applica 
tion unit is configured to apply a second receive filter with a 
second filter characteristic on the received signal to obtain the 
filtered signal when the transmission is the multi-user Mul 
tiple Input Multiple Output transmission. 
0016. According to another embodiment, a method for 
filtering a received signal to obtain a filtered signal is pro 
vided. The received signal has been transmitted by conduct 
ing a transmission. The method comprises detecting whether 
the transmission is either a single-user Multiple Input Mul 
tiple Output transmission or a multi-user Multiple Input Mul 
tiple Output transmission, and applying on the received signal 
either a first receive filter with a first filter characteristic when 
the transmission is the single-user Multiple Input Multiple 
Output transmission, or a second receive filter with a second 
filter characteristic when the transmission is the multi-user 
Multiple Input Multiple Output transmission, to obtain the 
filtered signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0017 FIG. 1 illustrates an apparatus for decoding a 
received signal according to an embodiment, 
0018 FIG. 2 illustrates an apparatus for decoding a 
received signal according to another embodiment, 
0019 FIG. 3 illustrates an apparatus for decoding a 
received signal according to a further embodiment, 
0020 FIG. 4 illustrates BER over SNR for SU-MIMO and 
MU-MIMO with different pairing probabilities according to 
an embodiment, 
0021 FIG.5 illustrates BER over SNR for SU-MIMO and 
MU-MIMO with different pairing probabilities according to 
another embodiment, 
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0022 FIG. 6 illustrates BER over SNR for SU-MIMO and 
MU-MIMO with different pairing probabilities according to 
a further embodiment, and 
0023 FIG. 7 illustrates BER over SNR for SU-MIMO and 
MU-MIMO with different probabilities and two receive 
antennas according to another embodiment. 

DETAILED DESCRIPTION 

0024 FIG. 1 illustrates an apparatus for filtering a 
received signal to obtain a filtered signal, wherein the 
received signal has been transmitted by conducting a trans 
mission. The apparatus comprises a detector 110 and a filter 
application unit 120. 
(0025. The detector 110 is configured to detect whether the 
transmission is either a single-user Multiple Input Multiple 
Output transmission or a multi-user Multiple Input Multiple 
Output transmission by examining the received signal. The 
detector 110 is configured to inform the filter application unit 
on whether the transmission is a single-user Multiple Input 
Multiple Output transmission or whether the transmission is 
a multi-user Multiple Input Multiple Output transmission. If 
the transmission is a single-user Multiple Input Multiple Out 
put transmission this may, e.g., mean that the received signal 
comprises first signal portions for a first user equipment, but 
not also different second signal portions for a different second 
user equipment. If the transmission is a multi-user Multiple 
Input Multiple Output transmission this may, e.g., mean that 
the received signal comprises first signal portions for a first 
user equipment and different second signal portions for a 
different second user equipment. 
0026. The filter application unit 120 is configured to apply 
a first receive filter with a first filter characteristic on the 
received signal when the transmission is a single-user Mul 
tiple Input Multiple Output transmission. Moreover, the filter 
application unit 120 is configured to apply a second receive 
filter with a second filter characteristic on the received signal 
when the transmission is the multi-user Multiple Input Mul 
tiple Output transmission. For this purpose, the detector 110 
passes the information about the detected transmission to the 
filter application unit 120. By applying either the first receive 
filter or the second receive filter on the received signal, the 
filter application unit 120 obtains the decoded signal. 
0027. In the following, the transmission model will be 
described. For notational convenience, Scalar values will, in 
most cases, be denoted by lower case characters. Vectors and 
matrices will, in most cases, be denoted by lower case and 
upper case boldface characters, respectively. The Hermitian 
of a vector or a matrix will be denoted by ()'. Complex 
values will, in most cases, be underlined. Furthermore, the 
expectation operator of a random variable or random vector 
will be denoted by E{}. The trace of a matrix will be denoted 
by tr{}. 
0028. The provided concepts may be applied for all MU 
MIMO transmission modes, e.g. TM5 in LTE and TM9 in 
LTE-Advanced. The special feature of MU-MIMO transmis 
sion modes is used to transmit a single layer data stream to at 
least two spatially separated UEs, using the same time-fre 
quency resource blocks. In the following, it is assumed that 
UE-1 is the target UE, where the co-scheduled UE, UE-2, is 
aimed to be the interfering UE. This scenario is symmetric. 
The general equation for this scenario can be described by: 
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where the first term is the effective signal intended for UE-1, 
the second term is the mutual interference and the last term 
represents noise. The channel from eNodeB to UE-1 is 
denoted by H. 
0029. Furthermore, the eNodeB uses precoding vectorp, 
which has been recommended by UE-1 and maximizes the 
post-SNR (SNR=signal-to-noise ratio) with the channel 
matrix. The second precoding vector p, has been recom 
mended by the co-scheduled UE. We assume that the eNodeB 
pairs only orthogonal UEs, whose precoding vectors have 
maximal Chordal distance. This assumption is feasible in 
order to reduce mutual interference seen by UE-1 as much as 
possible. 
0030 The symbols d and d have the same modulation 
order. In an embodiment, the recommended modulation 
orders {4, 16, 64-QAM are employed. It is further assumed 
that the symbols and elements of the noise vector are stochas 
tically independent and identically distributed (i.i.d.). For 
notational simplicity we denote the matrix-vector product 
Hip, and Hip, by g and d, respectively. Hence, the formula: 

ygia-g-d2+n 1 (2) 

represents the simplified equation for transmission and is 
used in the following. 
0031. According to some embodiments and depending on 
whether the transmission is either SU-MIMO or MU-MIMO, 
either the Maximum-Ratio-Combiner (MRC) receiver or the 
Minimum-Mean-Square-Error (MMSE) receiver is applied 
on the received signal. The structure and derivation of both 
receiver types is well known. 
0032. Assuming a SU-MIMO scenario, where no interfer 
ing UE is available, according to embodiments, an MRC 
receiver is applied: 

g (3) 

which maximizes the post-SNR, see Bai et al., “Receiver 
Performance in MU-MIMO Transmission in LTE, 
ICWMC 11, Luxembourg, June 2011, which hereby incor 
porated by reference in its entirety. 
0033. Further, according to embodiments, in a 
MU-MIMO scenario, where a co-scheduled user equipment 
causes interference, a MMSE receiver is employed. The 
MMSE receiver may be defined according to the formula: 

H - 4 

muse 3. i. (4) 
g Ring, 

0034. The covariance matrix is a function of the 
mutual interference caused by the co-scheduled UE plus 
noise. Thus: 

and so, the sum of two matrices is obtained, wherein the two 
matrices have to be separated to obtain the correct precoding 
vectorgs of the co-scheduled UE and noise power O,. 
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0035 O is either estimated, signaled by the network or a 
priory known. E.g., for LTE until Release 8, O is either 
estimated or signaled by the network, e.g. as a power offset 
from a cell specific reference signal. For LTE starting from 
Release 9, O is equal to one. 

0036 An adaptive switch is depicted in FIG. 2. According 
to embodiments, the switch of FIG. 2 is configured to switch 
depending on whether the transmission is a SU-MIMO or a 
MU-MIMO transmission. It is differentiated, if a co-sched 
uled user equipment is present or not. In case of no co 
scheduled user equipment, the Switch is in the upper position, 
so the user equipment employs an MRC filter. If the presence 
of the co-scheduled UE has been detected, the switch flips to 
the lower position and a MMSE filter will be used. Again, the 
structure of both, MRC and MMSE receive filters need not be 
changed. The adaptive switch behaves like a stage before the 
receive filter. 

0037 Now, it is assumed that the co-scheduled user equip 
ment is available. As described informula (1), the transmitted 
signal can be separated into the effective-, interference- and 
noise-signal according to 

F1 g+n, (6) 

where interference plus noise is represented by m. Each UE 
knows its own channel and precoding vector. The interference 
plus noise covariance matrix R, can be obtained by 

hy (7) 

0038. Further, the components of the covariance matrix 
are denoted by R. R+R2+R. The interference plus 
noise covariance matrix R, becomes a pure noise covariance 
matrix if the co-scheduled UE is not available. From linear 
algebra we know that R22 Ofg-g-", so the rank of this cova 
riance matrix is one and covariance matrix R, is a diagonal 
matrix withfull rank. Hence, the sum of both matrices has full 
rank. Calculating the eigenvalues of formula (7) yields 

det(R-AL)= detto,32 g: + Oil - AI) (8) 
det(origg - (- of) I) 

= (Oji-A)'' (origg, + Ci-A) 

I0039. For the case z o., there exist N-1 identical non 
Zero eigenvalues and for J-O, , there exist one non-zero 
eigenvalue w-Ofg."g+O,. Thus: 

(A - Ori) + 0 = A = origg + of (9) 
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0040. Using this property, the singular value decomposi 
tion of R is computed and formula (10) is obtained 

H UXVI = R. With (10) 

Oi () () O . O 
O O. () O ... O 

() () of O ... O 
2n = O O O O 

interf O 

I0041). Furthermore X, contains N-1 identical eigenval 
ues O, and one eigenvalue O, ef-FO, O,. In FIG. 2, the 
approach how to decide, whether the co-scheduled UE is 
available, is depicted. 
0042. In embodiments, u, of FIG. 2 is defined according 

tO: 

max 2nl) is 1, co-scheduled UE is not available (11) 
ilth F O > 1, co-scheduled UE is available. 

0043. In formula (11), the analytic expression for the 
adaptive switch is provided. Either the MRC or the MMSE 
receiver is chosen, depending on whether us 1 or whether 
u>1, respectively. To build the MRC receiver, no additional 
information from the received data is necessary, as far as the 
UE knows its channel and precoding vector. mc can be 
obtained according to formula (3). In case, that the MMSE 
receiver is employed, may have to be established, so g 
and O, have to be determined. Obviously O, is a diagonal 
element of X, and can be directly obtained from formula 
(10). 
0044 Hence, 

holds. In German Patent Application, Application No. 10 
2011 054913.7, filed on Oct. 28, 2011, relating to Blind IRC 
Receiver in LTE Systems, which is hereby incorporated by 
reference in its entirety, the approach how to obtain g is 
already described. The MMSE receiver can be obtained 
according to formula (4). 
0045. In an ideal system, an infinite number of received 
data symbols can be assumed. However, this assumption does 
not hold for a real system, where we have to restrict on a finite 
set of K received symbols. To differentiate between the ideal 
and real system, we will use a tilde above the affected scalars, 
vectors and matrices, respectively to indicate that these values 
are obtained by estimation. First, we estimate the residual 
matrix R, 

(13) 

Nov. 14, 2013 

and calculate 

(14) Umm Vn = Run 
with 

6; () () O O 
() of 0 O O 
0 0 Óis O O 

n 0 0 O O 

0 0 O O O (i.e. + 6N 

to obtain the interference plus and noise-covariance matrix. 
We assume that each antenna has a similar noise power. 
Therefore, an average noise power is defined, for example, 
according to: 

N - 1 

004.6 Analogously to formula (11), we calculate 

pl = - 
t O. 
mill is 1, co-scheduled UE is not available (16) 

> 1, co-scheduled UE is available. 

0047. In case of as 1 (SU-MIMO), the MRC receiver is 
determined, e.g., according to formula (3). 
0048. In case of L>1 (MU-MIMO), we need to establish 

(17) 

0049. In German Patent Application, Application No. 10 
2011 054913.7, filed on Oct. 28, 2011, relating to Blind IRC 
Receiver in LTE Systems, which was earlier incorporated by 
reference, the approach how to obtaing, from R2 is already 
described. According to formula (4), the MMSE receiver is 
obtained. 
0050. In the following, simulation results are presented 
and the performance of different receivers is compared. The 
following receivers have been taken into account: 

TABLE 1 

Analyzed receivers 

MRC MRC receiver according to formula (3), if either 
SU-MIMO or MU-MIMO is used at eNodeB 
MMSE receiver according to formula (4), if either 
SU-MIMO or MU-MIMO is used at eNodeB; deter 
mine o, and g according to formula (15) and (4), 
respectively 

MRC MMSE Switch Evaluate formula (16) and decide whether SU 
(novel filter) MIMO or MU-MIMO is being used at eNodeB 

In case of SU-MIMO apply MRC receiver accord 
ing to formula (3) 

MMSE 
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TABLE 1-continued 

Analyzed receivers 

In case of MU-MIMO apply MMSE receiver 
according to formula (4), witho, and g2 according 
to formula (15) and 4), respectively 
Information whether SU-MIMO or MU-MIMO is 
used at eNodeB 
in case of SU-MIMO apply MRC receiver accord 
ing to formula (3) 
in case of MU-MIMO apply MMSE receiver 
according to formula (4), whereo, and g are 
perfectly known 

optimal filter 

0051. The residual simulation parameters are summarized 
in Table 2: 

TABLE 2 

Simulation parameters 

Parameters Value 

Transmission Mode MU-MIMO 
System Bandwidth 10 MHz 
Channel Model Single tap Rayleigh fading channel 
Antenna Array (N, x N.) 4 x 2 and 4 x 4 
Channel Estimation Perfect channel knowledge at the UE 
Modulation {4, 16, 64-QAM 
Transmission Layers Single layer per UE 
Receiver Type MRC and MMSE receiver 
PMI Selection Wideband PMI (one PMI for complete 

system bandwidth) with Max-PostSNR 
criterion 
PMI selection one per subframe 
patie (0,0.2,0.5,0.7, 1.0 
UE Pairing on maximum Chordal 
distance criterion 

PMI selection frequency 
Pairing probability 
UE Pairing for MU-MIMO 

0052. The novel receiver “MRC MMSE switch' is com 
pared with three other reference receivers. These receivers are 
Summarized in Table 1. For the “MRC MMSE switch' the 
Switch decides if either the MRC or MMSE receiver is used. 
In case of SU-MIMO, the MRC receiver serves as a lower 
bound in terms of BER. Further, an “optimal filter' is intro 
duced to compare the performance of the “MRC MMSE 
switch' receiver. The information which have to be estimated 
by the “MRC MMSE switch” receiver (SU-MIMO: MU 
MIMO, o, and g.) are perfectly known to the "optimal 
filter'. Thus, the “optimal filter serves as a lower bound in 
terms of BER. 

0053 Ascenario with four transmit antenna ports at eNo 
deB and four and two receive antennas at the UE is analyzed, 
respectively. In the first scenario with four receive antennas at 
the UE, 3 eigenvalues are used to determineo, according to 
formula (15) with N-1=3. However, in the second scenario 
with two receive antennas at the UE, 1 eigenvalue is used to 
determine o, according to formula (15) with N-1=1. 
0054) The simulation results are depicted in FIGS. 4 and 5 
in case of four and in FIGS. 6 and 7 in case of two receive 
antennas, for 4-QAM respectively. From FIGS. 4 to 7, we 
observe, that the novel “MRC MMSE switch' receiver 
behaves like the MRC receiver in case of SU-MIMO trans 
mission (pairing probability p, 0). The shape of the 
MRC curve is overlapping the shape of the “MRC MMSE 
switch' curve. Hence, we observe that the absence of a co 
scheduled UE can be determined by analysis of the eigenval 
ues of the interference plus noise covariance matrix, reliably. 
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0055 Regarding the case, where a co-scheduled UE is 
available with different pairing probabilities pie (0.2, 
0.5, 1}, we observe in FIG.4, right side: FIG. 5: FIG. 6, right 
side and FIG. 7 that the novel “MRC MMSE Switch' 
receiver almost behaves like the “optimal filter for four and 
two receive antennas, respectively. Taking a closer look at the 
enlarged BER over SNR figure, we recognize that the shape 
of the curve of the novel “MRC MMSE switch' receiver is 
close to the shape of the curve of the “optimal filter for both, 
two and four receive antennas at the UE. This fact contains the 
following information. First, we can distinguish between SU 
MIMO and MU-MIMO reliably. Second, o, and g are 
determined correctly. 
0056. According to the provided concepts presented 
above, the presence of a co-scheduled UE can be determined 
at the UE from the received data. This information is neces 
sary for transmission modes, which support MU-MIMO. If 
the eNodeB cannot find an appropriate candidate for co 
scheduling, only one UE is being served by this eNodeB. This 
UE assumes the presence of another co-scheduled UE, 
although there is none and selects the wrong receiver. 
0057. As described above, the presence or absence of the 
co-scheduled UE can be directly determined based on the 
received data. This property comes along with properties of 
the interference plus noise covariance matrix of the received 
data. Thus, we developed a switch, which decides adaptively 
whether a co-scheduled UE is available or not. Assume a 
co-Scheduled user equipment is not available, the Switch 
decides to use the MRC filter. On the other hand, if the 
co-Scheduled user equipment is available, the adaptive Switch 
decides to use the MMSE filter. This adaptive switch repre 
sents the core of this disclosure. The adaptive switch is 
applied before the receive filter and, thus does not affect the 
receive filter. 
0058. The performance and properties of the adaptive 
Switch have been analyzed by simulation. In both cases using 
two and four receive antennas at the user equipment, the novel 
“MRC MMSE switch” receiver performs close to the “opti 
mal filter, which is the lower bound in terms of bit error 
ratio. Hence we conclude that the novel approach is able to 
differentiate between SU-MIMO and MU-MIMO reliably 
and, in case of MU-MIMO determines the missing param 
eters correctly to establish the receive filter. 
0059. This novel receiver structure has the potential to 
reduce the number of bit errors in MU-MIMO transmission 
modes by choosing the correct receive filter. The adaptive 
switch is applied before the receive filter, so it does not affect 
its structure. This is the case why it is easy to integrate it as a 
primary stage before the receive filter 
0060 Although some aspects have been described in the 
context of an apparatus, it is clear that these aspects also 
represent a description of the corresponding method, where a 
block or device corresponds to a method step or a feature of a 
method step. Analogously, aspects described in the context of 
a method step also represent a description of a corresponding 
block or item or feature of a corresponding apparatus. 
0061 The inventive decomposed signal can be stored on a 
digital storage medium or can be transmitted on a transmis 
sion medium Such as a wireless transmission medium or a 
wired transmission medium Such as the Internet. 
0062. Depending on certain implementation require 
ments, embodiments of the invention can be implemented in 
hardware or in software. The implementation can be per 
formed using a digital storage medium, for example a floppy 
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disk, a DVD, a CD, a ROM, a PROM, an EPROM, an 
EEPROM or a FLASH memory, having electronically read 
able control signals stored thereon, which cooperate (or are 
capable of cooperating) with a programmable computer sys 
tem such that the respective method is performed. 
0063 Some embodiments according to the invention com 
prise a non-transitory data carrier having electronically read 
able control signals, which are capable of cooperating with a 
programmable computer system, Such that one of the meth 
ods described herein is performed. 
0064 Generally, embodiments of the present invention 
can be implemented as a computer program product with a 
program code, the program code being operative for perform 
ing one of the methods when the computer program product 
runs on a computer. The program code may for example be 
stored on a machine readable carrier. 

0065 Other embodiments comprise the computer pro 
gram for performing one of the methods described herein, 
stored on a machine readable carrier. 

0.066. In other words, an embodiment of the inventive 
method is, therefore, a computer program having a program 
code for performing one of the methods described herein, 
when the computer program runs on a computer. 
0067. A further embodiment of the inventive methods is, 
therefore, a data carrier (or a digital storage medium, or a 
computer-readable medium) comprising, recorded thereon, 
the computer program for performing one of the methods 
described herein. 

0068 A further embodiment of the inventive method is, 
therefore, a data stream or a sequence of signals representing 
the computer program for performing one of the methods 
described herein. The data stream or the sequence of signals 
may for example be configured to be transferred via a data 
communication connection, for example via the Internet. 
0069. A further embodiment comprises a processing 
means, for example a computer, or a programmable logic 
device, configured to or adapted to perform one of the meth 
ods described herein. 

0070 A further embodiment comprises a computer having 
installed thereon the computer program for performing one of 
the methods described herein. 

0071. In some embodiments, a programmable logic 
device (for example a field programmable gate array) may be 
used to perform some or all of the functionalities of the 
methods described herein. In some embodiments, a field pro 
grammable gate array may cooperate with a microprocessor 
in order to perform one of the methods described herein. 
Generally, the methods are advantageously performed by any 
hardware apparatus. 
0072. While this invention has been described in terms of 
several embodiments, there are alterations, permutations, and 
equivalents which fall within the scope of this invention. It 
should also be noted that there are many alternative ways of 
implementing the methods and compositions of the present 
invention. It is therefore intended that the following appended 
claims be interpreted as including all Such alterations, permu 
tations and equivalents as fall within the true spirit and scope 
of the present invention. 

1. An apparatus for filtering a received signal to obtain a 
filtered signal, wherein the received signal has been transmit 
ted by conducting a transmission, wherein the apparatus com 
prises: 
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a detector configured to detect whether the transmission is 
either a single-user Multiple Input Multiple Output 
transmission or a multi-user Multiple Input Multiple 
Output transmission, and 

a filter application unit, wherein the filter application unit is 
configured to apply a first receive filter with a first filter 
characteristic on the received signal to obtain the filtered 
signal when the transmission is the single-user Multiple 
Input Multiple Output transmission, and wherein the 
filter application unit is configured to apply a second 
receive filter with a second, different filter characteristic 
on the received signal to obtain the filtered signal when 
the transmission is the multi-user Multiple Input Mul 
tiple Output transmission. 

2. An apparatus according to claim 1, 
wherein the detector is configured to detect that the trans 

mission is the single-user Multiple Input Multiple Out 
put transmission when the received signal does not com 
prise signal components for a co-scheduled user 
equipment, and 

wherein the detector is configured to detect that the trans 
mission is the multi-user Multiple Input Multiple Output 
transmission when the received signal does comprise 
signal components for at least one co-scheduled user 
equipment. 

3. An apparatus according to claim 1, wherein the filter 
application unit is configured to apply a Maximum-Ratio 
Combiner receive filter as the first receive filter on the 
received signal when the transmission is the single-user Mul 
tiple Input Multiple Output transmission. 

4. An apparatus according to claim 3, wherein the filter 
application unit is configured to apply the Maximum-Ratio 
Combiner receive filter being defined according to 

as the first receive filter on the received signal when the 
transmission is the single-user Multiple Input Multiple 
Output transmission, 

wherein g denotes the matrix-vector product Hip, 
wherein H denotes the channel from an eNodeB to a 
user equipment, wherein p, a precoding vector recom 
mended by the user equipment, and whereing denotes 
a Hermitian of the matrix-vector product g. 

5. An apparatus according to claim 1, wherein the filter 
application unit is configured to apply a Minimum-Mean 
Square-Error receive filter as the second receive filter on the 
received signal when the transmission is the multi-user Mul 
tiple Input Multiple Output transmission. 

6. An apparatus according to claim 5, wherein the filter 
application unit is configured to apply the Minimum-Mean 
Square-Error receive filter being defined according to 

iflifSE 

as the second receive filter on the received signal when the 
transmission is the multi-user Multiple Input Multiple 
Output transmission, 
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wherein g denotes the matrix-vector product Hip, 
wherein H denotes the channel from an eNodeB to a 
user equipment, wherein p, denotes a precoding vector 
recommended by the user equipment, wherein g, 
denotes a Hermitian of the matrix-vector product g, and 
wherein Run" denotes an inverse matrix of a covariance 
matrix Run 

7. An apparatus according to claim 1, wherein the detector 
is configured to detect that the transmission is the multi-user 
Multiple Input Multiple Output transmission when the 
received signal comprises interference signal components. 

8. An apparatus according to claim 7, wherein the detector 
is configured to detect that the transmission is the single-user 
Multiple Input Multiple Output transmission when the 
received signal comprises no interference signal components. 

9. An apparatus according to claim 1, 
wherein the detector is configured to detect that the trans 

mission is the multi-user Multiple Input Multiple Output 
transmission when a maximum of main-diagonal coef 
ficients of an interference-plus-noise covariance matrix 
is greater than an average noise power, and 

wherein the detector is configured to detect that the trans 
mission is the single-user Multiple Input Multiple Out 
put transmission when the maximum of the main-diago 
nal coefficients of the interference-plus-noise 
covariance matrix is not greater than the average noise 
power. 

10. An apparatus according to claim 9, wherein the detector 
is configured to determine the interference-plus-noise cova 
riance matrix by conducting a singular value decomposition 
of a residual matrix Run 

11. An apparatus according to claim 10, wherein the detec 
tor is configured to determine the residual matrix R. being 
defined as 

wherein y is an i-th component of the received signal, 
whereiny f is an i-th component of a Hermitian signal 
of the received signal. 

12. An apparatus according to claim 11, wherein the detec 
tor is configured to determine the interference-plus-noise 
covariance matrix X, by conducting the singular value 
decomposition of the residual matrix R, according to: 

A is Unnan Van Ran 

13. An apparatus according to claim 12, wherein the detec 
tor is configured to detect that the transmission is the multi 
user Multiple Input Multiple Output transmission when the 
maximum of the main-diagonal coefficients of the interfer 
ence-plus-noise covariance matrix is greater than the average 
noise power, 

wherein the maximum of the main-diagonal coefficients is 
defined as: 

max{IS)), 
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wherein the average noise power is defined as: 

and 

wherein the detector is configured to detect that the trans 
mission is the single-user Multiple Input Multiple Out 
put transmission when the maximum of the main-diago 
nal coefficients of the interference-plus-noise 
covariance matrix is not greater than an average noise 
power. 

14. An apparatus according to claim 1, wherein the detector 
is configured to determine whether a ratio of a maximum of 
main-diagonal coefficients of an interference-plus-noise 
covariance matrix and an average noise power is greater than 
one to determine whether the transmission is the multi-user 
Multiple Input Multiple Output transmission or the single 
user Multiple Input Multiple Output transmission. 

15. An apparatus according to claim 14, wherein the detec 
tor is configured to determine that the transmission is the 
multi-user Multiple Input Multiple Output transmission 
when a ratio of a maximum of main-diagonal coefficients of 
an interference-plus-noise covariance matrix and an average 
noise power is greater than one. 

16. An apparatus according to claim 15, wherein the detec 
tor is configured to determine that the transmission is the 
single-user Multiple Input Multiple Output transmission 
when a ratio of a maximum of main-diagonal coefficients of 
an interference-plus-noise covariance matrix and an average 
noise power is not greater than one. 

17. An apparatus according to claim 16, wherein the maxi 
mum of the main-diagonal coefficients is defined by: 

max{ (Sun) ii), 
wherein the average noise power is defined by: 

N-1 tri-wiyoi. 

and wherein the ratio is defined by: 

18. An apparatus according to claim 1, wherein the filter 
application unit is configured to apply a Maximum-Ratio 
Combiner receive filter as the first receive filter on the 
received signal when the transmission is the single-user Mul 
tiple Input Multiple Output transmission, and wherein the 
filter application unit is configured to apply a Minimum 
Mean-Square-Error receive filter as the second receive filter 
on the received signal when the transmission is the multi-user 
Multiple Input Multiple Output transmission. 

19. An apparatus according to claim 18, wherein the filter 
application unit is configured to apply the Maximum-Ratio 
Combiner receive filter being defined according to 
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as the first receive filter on the received signal when the 
transmission is the single-user Multiple Input Multiple 
Output transmission, and 

wherein the filter application unit is configured to apply the 
Minimum-Mean-Square-Error receive filter being 
defined according to 

iflifSE 

as the second receive filter on the received signal when the 
transmission is the multi-user Multiple Input Multiple 
Output transmission, 

wherein g denotes the matrix-vector product Hip, 
wherein H denotes the channel from an eNodeB to a 
user equipment, wherein p, a precoding vector recom 
mended by the user equipment, whereing denotes a 
Hermitian of the matrix-vector product g, and wherein 
R.' denotes an inverse matrix of a covariance matrix R 

• 

20. A mobile communication device comprising: 
a baseband processor, 
an antenna, and 
an apparatus configured to filter a received signal to obtain 

a filtered signal, wherein the received signal has been 
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transmitted by conducting a transmission, wherein the 
apparatus for filtering the received signal comprises: 
a detector configured to detect whether the transmission 

is either a single-user Multiple Input Multiple Output 
transmission or a multi-user Multiple Input Multiple 
Output transmission, and 

a filter application unit, wherein the filter application 
unit is configured to apply a first receive filter with a 
first filter characteristic on the received signal to 
obtain the filtered signal when the transmission is the 
single-user Multiple Input Multiple Output transmis 
Sion, and wherein the filter application unit is config 
ured to apply a second receive filter with a second 
filter characteristic on the received signal to obtain the 
filtered signal when the transmission is the multi-user 
Multiple Input Multiple Output transmission. 

21. A method for decoding a received signal, wherein the 
received signal has been transmitted by conducting a trans 
mission, comprising: 

detecting whether the transmission is either a single-user 
Multiple Input Multiple Output transmission or a multi 
user Multiple Input Multiple Output transmission, and 

applying on the received signal either a first receive filter 
with a first filter characteristic when the transmission is 
the single-user Multiple Input Multiple Output trans 
mission, or a second receive filter with a second filter 
characteristic when the transmission is the multi-user 
Multiple Input Multiple Output transmission, to obtain 
the filtered signal. 

k k k k k 


